The pivotal role of erythropoietin (EPO) in hypoxic adaptation has led to various studies assessing the EPO and ferritin response in native highlanders from Andes and Tibet. We assessed the relationship between EPO, haemoglobin and ferritin in 335 native highlanders (172 boys and 163 girls, aged 4 to 19 years) from Leh-Ladakh, India, who had no history of travel to lowland areas. Complete blood counts, serum EPO and ferritin levels were measured. We stratified study subjects based on age, gender, pubertal status and analysed the EPO and ferritin levels between the stratified groups respectively. The mean EPO level in boys was lower than girls. The mean ferritin level in boys was significantly higher (P = 0Á013) than in girls. There was no significant variation in the EPO and ferritin levels amongst the various age groups in our study. Near normal EPO levels since childhood with a negative correlation with haemoglobin is suggestive of a robust adaptive mechanism to high altitude from the early years of life. Low ferritin levels are indicative of decreased iron stores in these native highlanders.
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The low partial pressure of arterial oxygen (PaO 2 ) that occurs at high altitude is a physiological and metabolic challenge for the human body. Physiological changes associated with high altitude exposure are directed towards maintaining the O 2 -carrying capacity of the blood in a setting of hypobaric hypoxia at high altitude. The standard physiological responses to high altitude include hyperventilation, polycythaemia, hypoxic pulmonary vasoconstriction, increased intracellular oxidative enzymes and increased capillary density in muscle. In hypoxia, Hypoxia-Inducible Factor-1 a (HIF-1a, also termed HIF1A) accumulates in the cell and binds to promoter part of erythropoietin gene (EPO) increasing its transcription (Semenza, 1998) . Erythropoietin (EPO) secretion leads to increased erythropoiesis resulting in increased iron consumption and decreased iron stores, reflected by reduced serum ferritin levels. The ferritin levels in the blood negatively correlate with EPO levels in lowlanders visiting high altitude areas (Piperno et al, 2011) .
The pivotal role of EPO in hypoxic adaptation has led to various studies assessing the EPO and ferritin response in native highlanders from the Andes and Tibet. These studies have suggested a blunted erythropoietic response in the Tibetan and Sherpa populations as compared to that of the Andes (Winslow et al, 1989; Wu & Kayser, 2006) . Recent studies have highlighted several genes that are subject to natural selection in native high-altitude Tibetans (Petousi et al, 2014; Wu et al, 2013; Xiang et al, 2013) .The studies on the haematological parameters in Ladakhi native highlanders are limited. (Yanamandra et al, 2018) The Ladakhi highlanders, who are culturally and evolutionarily close to the Tibetan highlander (Stevens, 1996) , are expected to express these high altitude protective phenotypes [i.e., low haemoglobin (Hb) levels, lower EPO levels for a given haematocrit].
To our knowledge, there are no studies on the EPO and iron stores in the paediatric population of native highlanders research paper from India. Moreover, transient movement out of high altitude areas can significantly change these parameters. We aimed to assess the relationship between EPO, Hb and body iron stores in native highlanders of Ladakh (India) aged 4 -19 years who were born and raised at an altitude above 3200 m, with no history of travel to lower altitudes in their lifetime.
Materials and methods
This cross-sectional field study was conducted on a cohort of school-going native highlanders of Ladakh aged 4-19 years. All nine schools in Leh, Ladakh, India were screened for the percentage of native highlanders studying in the schools and the school with largest number of native highlanders was selected for study. A total of 1328 children were screened for inclusion and exclusion criteria based on consecutive sampling of all children from this selected school. 'Native highlanders', defined as children who were born and brought up at an altitude above 3500 m (11500 ft) was the mandatory inclusion criteria. Exclusion criteria included the following: (i) any known co-morbidities (Appendix S1) (ii) children who have ever visited low altitude (less than 9000 ft) in their lifetime (iii) children on any haematinic (iv) children from extremely high altitude (defined as above 4500 m). As majority of the study subjects were below 18 years of age, we took informed consent from their guardians as per the revised ethical guidelines for human experimentation of Helsinki Declaration of 2000 (World Medical Association, 2001) .
After taking antiseptic precautions, blood samples were drawn from the antecubital vein and collected in special paediatric collection tubes with anti-coagulant calibrated for age. The ambient temperature of >24°C was maintained during collection. Complete blood counts were performed within 3-5 h of blood collection using SYSMEX XP 100 haematology analyser (Sysmex, Mumbai, Maharashtra, India) at high altitude. For EPO and ferritin measurements the collected sample was centrifuged, and serum was separated within 3-5 h and bio-banked at À80°C until analysis. EPO and ferritin were analysed using an enzyme-linked immunosorbent assay (Abcam, Pudong, Shanghai, China) at Postgraduate Institute of Medical Education and Research (PGIMER), Chandigarh, India (sea level). Definitions of various variables are listed in Appendix S1.
We used R v3.4.0 for statistical analysis (R Core Team 2017). All continuous variables were described as mean (SD), median and range (minimum to maximum). Student t-test and ANOVA was used to compare the differences in the measured variables based on gender, age stratification, pre/post pubertal status and body mass index (BMI) (Longo et al, 2011) . The relationship between haematological parameters, hypoxia, EPO and ferritin was assessed using Loess fit. Multivariate regression analysis (Multiple linear regression analysis with restricted cubic spline fit) was done to determine any association of EPO/ ferritin levels with age, sex, blood oxygen saturation (SpO 2 ), BMI and Hb levels. P < 0Á05 was considered as statistically significant, and 95% confidence intervals (CIs) were reported for multivariate analysis.
Results
A total of 335 children were included in the study comprising of 51Á3% boys (n-172) and 48Á7% girls (n-163) aged between 4 and 19 years [<5 years (n = 19), 5-8 years (n = 65), 8-10 years (n = 51), 10-12 years (n = 74), 12-15 years (n = 109), >15 years (n = 17)]. The mean (AESD) age of the subjects was 126 (43) (n = 10) and 19Á4% (n = 65) of the children,respectively. Table I compares the Hb, EPO, and ferritin amongst the subjects stratified by age and gender in our study population (Figs. S1 and S2). The study population was also stratified according to pubertal status (Fig. S3) . The mean EPO concentration in our study population was 19Á64 (24Á82) iu/l (median: 10Á79; range: 0Á243-456) and decreased with age (P=0Á013). We also assessed the relationship between EPO and Hb in our study population (Fig. 1) , wherein EPO increased with falling Hb. In our study, the mean ferritin concentration was found to be 41Á38 (35Á36) lg/l (median: 33Á9; range: 0Á16-210Á97). There was no significant difference in the ferritin values with age (P = 0Á715) but was lower in girls as compared to boys (P = 0Á008), and this difference was more marked after attaining puberty (P = 0Á004). We found a U-shaped correlation between EPO and ferritin with low Hb concentration at high EPO and low serum ferritin levels. Further assessment showed that the anaemia observed in these patients with high EPO and low ferritin was microcytic. These findings are suggestive of iron deficiency anaemia with a robust EPO response. The interrelationship between EPO, ferritin Hb and mean cell volume (MCV) is depicted in Fig. 2 and Figs. S4-S9. Multivariate regression analysis indicated that age and Hb has significant effects on EPO levels, whereas Hb and BMI has significant effects on ferritin concentration (Table S1 ). The relationship between hypoxia with Hb and ferritin is shown in Table S2 and Figs. S10 and S11.
Discussion
In an attempt to maintain the O 2 content of the blood at high altitude, the body increases the Hb concentration to compensate for the fall in PaO 2 (Beall, 2000; Beall & Goldstein, 1987; Berglund, 1992) . As early as the beginning of 20th century Carnot and Deflandre postulated that erythropoiesis might be controlled by a hormone-like substance, which they named hemopoeitine (Gunga et al, 2007) . This substance was later found to be EPO, a hormone secreted by the peritubular cells in the kidney (Jelkmann, 1992) . Its transcription is stimulated by tissue hypoxia through HIF-1a, a nuclear factor that promotes EPO gene transcription (Gunga et al, 2007; Semenza, 1998) . Multiple studies have established the spatial and temporal relationship of EPO as an adaptation to high altitude hypoxia (Basu et al, 2007; Milledge & Cotes, 1985) . To our knowledge, no studies have been conducted on the native highlanders of Ladakh to assess the EPO and ferritin response to high altitude hypoxia. In our study, we have evaluated these parameters in 4-to 19-year-old native highlanders (>3500 m) who were born and brought up in Ladakh with no history of travel to low altitude. The absence of travel to low altitude ensures that these individuals had no opportunity for physiological adaptation to a low altitude normoxic environment.
In our study, we found a blunted erythropoietic response to high-altitude hypoxia with age (Table I and Fig. S1) . The mean EPO level significantly decreased with age (P = 0Á013). In an age-and sex-matched study comparing the EPO response within the same altitude in natives of the Himalayas and Andes, Winslow et al (1989) found lower haematocrit values in Sherpas as compared to Quechuas (Andes). When Non linear relationship of Hb with log of EPO levels. EPO threshold is 30 they matched the subjects for haematocrit, EPO concentrations in Quechuas were significantly higher than in Sherpas (Winslow et al, 1989) . Tibetan, Sherpa and Ladakhi populations share a common anthropological lineage (Stevens, 1996) . The low EPO levels with age found in our studies are in line with the observations reported by Winslow et al (1989) . We also compared the EPO levels between boys and girls and found that there was no significant gender difference (Table I and Fig. S2 ). We further stratified the girls and boys according to their pubertal status. The EPO levels didn't vary significantly between boys and girls in either pre-pubertal or pubertal subjects (Fig. S3) . We found that the EPO increased with low Hb concentration. High-altitude hypoxia results in reduced oxygen content of the blood, which is detected by the peri-tubular cells of the kidney, leading to EPO secretion.
Ferritin level (a measure of iron stores of the body) was found to be significantly higher in boys as compared to girls (Fig. S2 ) (P = 0Á008). We further investigated if this difference was influenced by pubertal status, given that puberty heralds major physiological changes. Ferritin levels varied significantly between the post-pubertal boys and girls, whereas this was not the case in their pre-pubertal counterparts in the study (Fig. S3) . This might be due to the regular menstrual losses in post-pubertal girls leading to decreased iron stores. The differences couldn't be attributed to differential dietary habits among boys and girls, because they were all attending a residential school with a common kitchen. The native highlanders of Ladakh have a diet that mostly comprises rice, momo, Thupka, barley bread and meat (Norboo et al, 2015) . The most important crop is barley and barley bread is eaten at breakfast and lunch. Thupka is a dinner staple and comprises of wheat flour, vegetables and dry cheese. Overall the diet is low in iron content due to low meat consumption owing to poor socioeconomic status and religious practices (Buddhism).
We assessed the relationship between ferritin and Hb in our study population (Fig. S8) . Decreased ferritin concentration is associated with reduced Hb concentration suggestive of a state of iron deficiency anaemia. The differences in the Hb between boys and girls can be attributed to the differences in iron status, (Figs. S1 and S2 ). Thus, with the given Hb below 100 g/l is characterised by increased EPO, low MCV and low ferritin data we cannot infer that boys adapt better to hypoxia simply because their Hb is higher. On cluster analysis of Hb, MCV and ferritin we found that some study subjects had a normal Hb concentration, low MCV (<60 fl) and high ferritin (>50 lg/l). These may be carriers of thalassemia trait (Fig. S4 ).
Our study cohort included a large number of native highlanders with near equal numbers of boys and girls. One major limitation was the large age range studied. After breakdown by age, the number of subjects in each category (especially <5 years and >15 years groups) was very small for the generation of normative data. Secondly, formal sample size calculation was not done. Thirdly, Physiological changes occur among children during the age group studied that can affect both erythropoiesis and the status of body iron, so this should be taken into account when interpreting the results of this study. Exposure to high altitude is considered a proinflammatory state. As ferritin is an acute phase reactant, the confounding effect of high altitude exposure on ferritin can be interpreted only by concomitantly measuring other acute phase reactants, such as C-reactive Protein (CRP), which wasn't possible in our study due to resource constraints.
There are no studies on EPO and iron stores in native highlanders of Ladakh, especially in the paediatric age group. This study will act as a backdrop for further studies on haematological adaptations to hypobaric hypoxia in the Himalayan highlanders. Our study is limited by the absence of stratification between altitudes of 3500 m and 4500 m.
Conclusion
The EPO and ferritin levels for the native highlanders from Ladakh, India have been reported in this study. We found some differences in these parameters between girls and boys, especially in post-pubertal children. We also assessed the relationship between EPO, ferritin and Hb. Further studies to investigate the molecular interplay of hypoxia, EPO response and iron stores of the body need to be carried out.
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